Abstract. The concept of cloud radiative forcing (CRF) is commonly used to quantify the warming or cooling effect due to clouds on the radiative energy budget (REB). In the Arctic, radiative interactions between micro-and macrophysical properties of clouds and the surface influence the CRF and complicate its estimate obtained from observations or models. In this study the individual components and processes related to the surface CRF are analysed separately using simulations and measurement from low-level airborne observations of the REB in the heterogeneous springtime marginal sea ice zone (MIZ). The mea- 
Introduction
Interdisciplinary research conducted within the last decades has led to a broader, but not yet complete understanding of the rapid and, compared to mid-latitudes, enhanced warming in the Arctic (so-called Arctic amplification), which is triggered by global warming (Gillett et al., 2008; Overland et al., 2011; Serreze and Barry, 2011; Stroeve et al., 2012; Jeffries et al., 20 2013; Cohen et al., 2014; . Since the interrelationships of physical processes, responsible for the Arctic amplification are complex and difficult to observe, climate models are needed to quantify the individual contribution of potential feedback processes to Arctic climate change (Screens and Simmonds, 2010; Pithan and Mauritsen, 2014) . However, the model results show a large spread in representing the feedback mechanisms. One prominent example is the cloud feedback, which includes the effects of an increasing cloud amount in the Arctic. While the cooling cloud radiative effect (reflection of solar radiation back to space causing a near-surface cooling of the Arctic surface) dominates in summer, a warming cloud radiative effect enhances the near-surface air temperature in winter, when the emitted terrestrial radiation determines the surface energy budget. In order to enable reliable model projections of future climate changes in the Arctic, the understanding of the individual 5 physical processes and feedback mechanisms of Arctic amplification is required (Pithan and Mauritsen, 2014; Goosse et al., 2018) .
To quantify the instantaneous radiative effect of clouds on the surface radiative energy budget (REB), the cloud radiative forcing (CRF, expressed as ∆F ) is defined as the difference between the net radiative energy flux densities,
10 also called irradiances, in cloudy (all-sky) (F net,cld ) and cloud-free (F net,cf ) conditions (Ramanathan et al., 1989) ,
A warming effect of clouds at the surface will be induced if the net radiative flux densities in a cloudy atmosphere are larger than in corresponding cloud-free conditions. To derive the CRF from observations, simultaneous measurements of net irradiances in cloudy and cloud-free situations would be needed, which is impossible from a practical point of view. Therefore, the 15 net irradiances of the cloud-free state are commonly obtained from radiative transfer simulations based on measurements of the observed surface conditions.
The downward terrestrial irradiance in cloud-free atmospheric conditions (F ↓ t,cf ) depends on the profiles of atmospheric temperature, absorber gas and aerosol particle concentrations. In the solar wavelength range, F ↓ s,cf is influenced by solar zenith angle (SZA), atmospheric profiles of gases and aerosol particle properties, as well as the surface albedo. To estimate the cloud-20 free atmospheric state, the input of the radiative transfer simulations is based on observations of the atmosphere and surface conditions in the cloudy state. However, e.g., the surface albedo in cloudy conditions is not necessarily identical to the one in a cloud-free atmosphere. In the Arctic, the surface albedo, determining the reflected solar radiation at the surface, depends on the snow and sea ice properties, such as specific surface area (SSA, equivalent to the snow grain size), surface roughness, snow height and density, the SZA, but also on the cloud optical thickness (Warren, 1982; Gardner and Sharp, 2010) , which alters the 25 spectral shape of the surface albedo and the angular distribution of the reflection.
In particular the spectral distribution of the incoming irradiance is shifted to shorter wavelengths in overcast conditions due to absorption within the clouds. In combination with the spectral shape of the snow albedo characterized by higher values for short wavelengths, this effect tends to increase the broadband albedo in cloudy conditions (Grenfell and Perovich, 2008) .
Furthermore, clouds induce a more isotropic illumination of the surface compared to cloud-free conditions where the direct 30 solar radiation dominates the radiation field. In general, the snow albedo decreases with decreasing SZA (Warren, 1982) . In the Arctic with prevailing high SZAs, clouds decrease the effective SZA to approximately 50
• compared to cloud-free situation (Warren, 1982) , and thus, have a diminishing effect on the surface albedo. Both processes have been parameterized, for example by Gardner and Sharp (2010) based on simulations, however, their impact on estimates of the CRF in the Arctic have not yet been evaluated.
In this study, the components of CRF, obtained by radiative transfer simulations, are investigated to improve the estimate of the total (solar plus terrestrial) CRF from observations and modelling in the Arctic environment. A method is described to retrieve the surface broadband albedo in a cloud-free atmosphere from measurements under cloudy conditions, and to account for the 5 surface albedo heterogeneity, which induces uncertainties in the assumed cloud-free downward solar irradiance. An application of the approach to airborne low-level (below cloud) observations of REB in the marginal sea ice zone (MIZ) close to Svalbard during the Arctic CLoud Observations Using airborne measurements during polar Day (ACLOUD) campaign ) is shown. This dataset extends available REB and CRF observations in the Arctic including horizontal variability in the heterogeneous MIZ. campaign calculated from daily sea ice data (Spreen et al., 2008) . During ACLOUD the location of the sea ice edge was almost stationary (Knudsen et al., 2018) . In general, the sea ice was more compact (higher concentration) north of 81
• N and rather heterogeneous towards the west and closer to the open ocean. The low-level flights of Polar 5 and 6 are almost equally distributed over these different sea ice conditions. The majority of flights (66 %) were over sea ice (I f > 80 %), leaving about 17 % over the MIZ as well as 17 % over open ocean (I f < 15 %). As the dataset is merged from different flights covering 25 about six weeks of measurements, it comprises various sea ice characteristics and synoptic situations (Knudsen et al., 2018) .
However, the data set is still limited and should be considered as a snapshot of the late spring conditions in this region.
Instrumentation
The instrumentation of Polar 5 and Polar 6 during the ACLOUD campaign is described by as well as by Ehrlich et al. (2019b) . The necessary processing of the Pyranometer and Pyrgeometer data , which were 30 used to derive the REB from ACLOUD observations, is described in Ehrlich et al. (2019b) . Surface brightness temperature and light-blue (15 %) contours indicate the campaign average sea ice concentration from daily sea ice data (Spreen et al., 2008) .
information have been obtain by a Kelvin Infrared Radiation Thermometer (KT-19) . The sea ice fraction (I f ) along the flight track is estimated from measurements of a digital camera equipped with a hemispheric lens. The geometrically calibrated images are obtained with a sampling frequency of 6 s from which the cosine weighted sea ice concentration was calculated . The atmospheric thermodynamic state, including air temperature and relative humidity was measured by dropsondes (Ehrlich et al., 2019a) and aircraft in situ observations (Hartmann et al., 2019) in vicinity to the 5 low-level flight sections.
Radiative Transfer Simulations
The radiative transfer simulations for the cloud-free conditions are performed with the libRadtran package (Emde et al., 2016) using the one-dimensional plane-parallel discrete ordinate radiative transfer solver DISORT (Stamnes et al., 1988) and the molecular absorption parameterization from Kato et al. (1999) for the solar spectral range, and from Gasteiger et al. (2014) 10 for the terrestrial wavelengths range. Daily ozone concentrations in the flight region of ACLOUD are considered and obtained from http://exp-studies.tor.ec.gc.ca/cgi-bin/selectMap. The aerosol optical thickness was neglected justified by the fact that full column aerosol information are not available for low-level flights in cloudy conditions. Therefore, the estimated CRF needs to be considered as direct aerosol plus cloud radiative forcing.
The atmospheric state, used in the radiative transfer simulations to derive the CRF, is based on radiosoundings performed in temporally separated from the airborne observations by several hundred kilometres and up to three hours. Hence, profiles from in situ measurements of temperature and relative humidity on board of both aircraft and, if available, dropsonde measurements from the Polar 5 aircraft were used to complete the local atmospheric profile data. The atmospheric levels below flight altitude were adjusted to the surface temperature measured by the KT-19.
Spectral surface albedo values have been simulated using the spectral Two-streAm Radiative TransfEr in Snow model (TARTES) 5 (Libois et al., 2013) , which is applied in a sensitivity study in section 3.4. 3D radiative transfer simulations are performed with the open-source Monte Carlo Atmospheric Radiative Transfer Simulator (MCARaTS) (Iwabuchi, 2006; Iwabuchi and Kobayashi, 2008) .
3 Components of the cloud radiative forcing
Definitions
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To assign processes related to single components of the surface CRF, Eq. 2 is separated in terrestrial and solar terms. The terrestrial term reads:
It can be assumed to be independent of the upward irradiance (F ↑ t,cld = F ↑ t,cf ) as a high surface emissivity enables to neglect a reflection term and for the instantaneous CRF the surface temperature is assumed to be identical for the cloudy and cloud-free 15 case. Hence, the essential input for radiative transfer are the atmospheric temperature, the absorber gas profile and aerosol.
Thus the terrestrial CRF reduces to:
The solar component of the CRF is given by:
20
As the observations aim to quantify the local CRF, the local surface albedo α as a ratio of F ↑ s and F ↓ s measured during low-level flights is introduced into Eq. 5, which leads to:
The three essential components for the radiative transfer, and thus, for the derivation of the solar CRF are the profiles of atmospheric thermodynamic parameters (pressure, temperature, humidity), the downward solar irradiance at the surface in 25 cloud-free conditions (F ↓ s,cf ) as well as the surface albedo α in the unobserved cloud-free conditions. The atmospheric profile parameters modulate the downward radiation, reaching the surface in cloud-free conditions. Additionally, the surface albedo controls the multiple scattering between surface and atmosphere enhancing the downward irradiance reaching the ground over highly reflective surface-types such as snow and sea ice as compared to mostly absorbing surface like ocean water. The MIZ is characterized by strong variability in surface albedo due to the variable sea ice cover. For airborne observations close to the MIZ, as well as ground based measurements in heterogeneous terrain, horizontal photon transport is not negligible for the estimate of F ↓ s (Ricchiazzi and Gautier, 1998; Kreuter et al., 2014) . To address this problem, the downward irradiance for the cloud-free conditions and heterogeneous surface albedo needs to be simulated with an areal averaged albedo α ar , also called effective albedo (Weihs et al., 2001; Wendisch et al., 2004) . For example, a local surface albedo over a small lead embedded in homogeneous sea ice is not representative for the areal average surface albedo, determining the scattering processes in cloud-free conditions. To illustrate this approach, we modify Eq. 6 to:
where F ↓ s,cf αar represents the downward solar irradiance at the surface simulated with the areal average albedo in cloud-free 10 conditions.
Besides affecting the F ↓ s , the local surface albedo α in Eq. 7 changes for different illumination situations (cloudy, cloud-free) and cloud optical thickness Warren (1982) . Thus, to complete the formulation of the solar CRF, the local surface albedo has to be separated in a cloudy albedo (α cld ) and an albedo representing the cloud-free state α cf . As a result Eq. 7 reads:
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In the following sections, these three key components (thermodynamic state (section 3.2), F ↓ s,cf αar (section 3.3) and the impact of clouds on α cf (section 3.4)) of the CRF estimate are analysed using synthetic radiative transfer simulations and illustrative ACLOUD observations, in order to quantify their separate impact on the CRF in the Arctic.
Impact of local thermodynamic atmospheric state
In the MIZ, the thermodynamic state of the atmosphere changes within short distances due to the influence of the surface on 20 the airmass (warm air moving north over cold sea ice, cold air moving south over warm open ocean) (Lampert et al., 2012) . In this case, differences in the collocation of airborne in situ measurements of atmospheric profiles and low-level flights might be significant and effect the radiative transfer simulations, and thus, the local CRF estimate. Exemplarily, the spatial variability of air temperature profiles measured on 2 June 2017 by the aircraft instruments (Polar 6) and dropsondes is illustrated in Fig. 2a For the simulations the surface albedo was fixed to 0.8 and the SZA to 60
• .
temperature (enhanced emission), the solar irradiance decreases (enhanced scattering and absorption). The CRF for each case is estimated using the average observed F ↓ s,cld and F ↓ t,cld during the low-level section on 2 June 2017. The results show a strong variability in ∆F induced by changes in the thermodynamic structure. The relative deviations range up to 29 % for the terrestrial and 11 % for the solar CRF, which highlights that neglecting changes of the atmospheric thermodynamic state within a few kilometers can cause significant errors in the retrieved CRF. Especially for airmass transformation like warm air 5 intrusions and cold air outbreaks in the Arctic , this is a relevant issue.
Another aspect regarding the thermodynamic state of the atmosphere is the impact of the average aircraft flight altitude (here 80 m) on the estimate of CRF. The F ↓ t,cf is simulated for local flight altitude and not exactly for the surface. Due to the fact that the vertical gradient dF ↓ t /dz below clouds remains almost the same in the cloudy and cloud-free state, the observed CRF in flight altitude can be safely related to surface CRF values. For an interpretation of single terrestrial irradiance directions (not 10 shown in this study) and a comparison to surface observations, changes due to prevailing near-surface temperature profile have to be expected. 
Impact of areal versus local surface albedo
In Fig. 1 the variability of the observed sea ice fraction I f can directly be related to the heterogeneous surface albedo distributions in the MIZ. For the observations carried out on 23 May 2017, the measured broadband surface albedo along the flight track is shown in Fig. 3a . The low-level section started in the MIZ over large ice floes and small leads and ended over the open ocean in vicinity of the ice edge with occasionally scattered sea ice floe fields. Leads with the size of a few tens of meters up to 5 a few kilometers caused a highly variable local surface albedo. In Fig. 3b the simulated F ↓ s,cf using the observed 20 Hz surface albedo illustrates the problem of albedo heterogeneity. Without an appropriate smoothing the simulated F Fig. 3b . Therefore, the downward irradiance for the cloud-free conditions, required for Eq. 8, needs to be simulated with an appropriate areal averaged albedo.
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For the low-level flights during ACLOUD a moving average filter using a kernel with the shape similar to a Laplace-distribution the ACLOUD campaign this comparison can be considered as a rough estimate of potential uncertainties during the whole ACLOUD campaign.
Impact of clouds on the surface albedo
The effect of clouds on the broadband surface albedo, implemented in Eq. 8, is analysed by a set of spectral albedos of three sea ice types common in the Arctic for different seasons. Different snow packs with a density of 300 kg m The general impact of snow properties on the spectral albedo is characterized by stronger absorption at longer wavelengths with decreasing SSA (increasing effective grain size) and can be seen by comparing the albedo of fresh and melting snow in • above snow (Warren, 1982) . With decreasing effective SZA, the penetration depths of photons into the snow and ice surface increases, enhancing the probability of absorption, and thus decrease the overall broad-5 band surface albedo (Warren, 1982) . In (gray shaded area in Fig. 5 ), indicate that the main part of F ↓ s
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(shorter wavelengths) is not affected by this change and a weak impact on the broadband albedo is expected for fresh snow.
For albedo values characterized by stronger absorption in the visible wavelength range (albedo of white ice, red line in Fig. 5 ), a stronger change between direct-dominated and diffuse broadband albedo is expected.
Besides the changing effective SZA, clouds reduce the incident irradiance by attenuating especially in the near-infrared wavelength range (Grenfell and Perovich, 2008) . With increasing cloud optical thickness the spectral slope of downward irradiance 15 is imprinted in the surface spectra, which can be seen in Fig. 5 by comparing the green shaded (cloud-free) and the gray shaded (cloudy) spectrum. The spectral albedo of ice and snow is higher for short wavelengths resulting in a increasing wavelengthintegrated (broadband) surface albedo with increasing cloud optical thickness. This effect becomes the stronger the more pronounced the slope between visible and near-infrared wavelength becomes, which can be induced by two processes: either stronger absorption by clouds due to a higher LWP, or by spectral changes in the albedo. With decreasing SSA, transition from fresh to melting snow, more radiation is absorbed in the near-infrared (compare black and blue lines in Fig. 5 ), which affects F ↓ s (grey and blue shaded spectra). For the spectral albedo of white ice (red shaded area) the slope in the spectra is less pronounced, and a weaker increase of broadband albedo is expected for increasing LWP.
For all three surface albedo types shown in Fig. 5 , the effect of clouds on the broadband surface albedo (as a function of LWP) is presented in Fig. 6 for a SZA of 65
• . The gray area indicates the direct-dominated radiation in cloud-free conditions; dashed 5 lines represent the cloud-free value as a reference. In general, the lower the ratio of spectral albedo between shorter and longer wavelengths, the stronger is the increase of broadband albedo with increasing LWP, exemplary shown for the black and blue scatter in Fig. 6 representing fresh and melting snow, respectively. Spectral absorption of the surface in shorter wavelengths strongly decreases the broadband albedo, but it will also alter the behaviour with increasing LWP (Fig. 6, red) . For low LWP values, the broadband albedo is lower compared to cloud-free conditions due to a significant lower spectral diffuse albedo 10 (dashed and attenuated dashed red in Fig. 5 ) at shorter wavelengths. However, with increasing LWP the weighting effect in transmitted F ↓ s to shorter wavelength compensates/dominates and, as a consequence, it increases the broadband surface albedo compared to cloud-free conditions.
Albedo-cloud interaction and CRF
In calculations of the CRF based on measurements, the observed surface albedo below clouds commonly serves as a reference In case of snow surfaces, influenced by the SSA (Fig. 7a and b) , the cooling effect of clouds on the surface is underestimated (blue colors), if the cloudy albedo is used to derive the solar CRF. In general, the lower the SZA and the higher the LWP, 5 the stronger the underestimation of the cooling effect becomes. Additionally, the coarser the snow grains (melting snow) the stronger the underestimation. In contrast, during summer and for thin melting snow or white ice (Fig. 7c) , the cooling effect is overestimated for low sun and optically thin clouds, if the apparent cloudy albedo is used for ∆F s , and shifts towards the underestimation for optically thick clouds and/or lower SZA.
The values of under-/overestimation indicate that the surface albedo-cloud interaction might significantly impact the estimate 10 of solar CRF. Especially for clouds over snow, the cooling effect of clouds is considerably larger. Due to the dependence of spectral surface albedo shapes, a seasonal dependence of this surface albedo-cloud interaction, and thus, the solar CRF, is indicated.
In Fig. 8 a hypothetical scheme of the modified seasonal cycle of CRF due to the surface albedo-cloud interaction, is proposed.
The time series of surface albedo as observed during the SHEBA campaign is shown to illustrate the seasonal transition as 15 reported by Perovich et al. (2002) . During spring, early summer and autumn surface albedos related to snow on sea ice are found. The results from Fig. 7 indicate that the shift of transmitted irradiance towards shorter wavelength (process 1 in Fig. 8) is dominant in these situations and clouds induce a stronger cooling effect on the surface. With the beginning of the melting season, the change between diffuse and direct albedo will dominate (process 2) for optical thin clouds and high SZA, potentially reducing the cooling effect on the surface. In this period the onset of melting (rapidly decreasing albedo), the melt pond fraction, and the SZA (dashed black line in Fig. 8 ) critically influences the sign of this modification. For the ACLOUD campaign, snow on ice was the dominant surface type , which explains the slightly later decrease in surface albedo (Fig. 8 
Cloud radiative forcing during ACLOUD
The problems of calculating the CRF, as discussed in sections 3.2, 3.3 and 3.4 are considered in the data processing of the 10 ACLOUD measurements. Therefore, the closest available atmospheric profile was applied in the radiative transfer simulations as well as the areal averaged surface albedo, required for the simulations of F ↓ s,cf , has been calculated for the low-level flights. The final step is to retrieve the local surface albedo under cloud-free atmospheric conditions from the observed cloudy-sky albedo, in order to obtain a more realistic estimate of the CRF.
Retrieving the cloud-free albedo from cloudy-sky observations
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To obtain an estimate of the cloud-free albedo, the broadband albedo parameterization developed by Gardner and Sharp (2010) for snow and ice surfaces was applied. Gardner and Sharp (2010) for an effective cloud droplet radius r eff = 8 µm). During ACLOUD, the observed albedo ranged between 0.9 for homogeneous sea ice covered with snow 20 and values below 0.6 during the melting season . To include these data in the analysis and cover this albedo range only as a function of grain size (SSA), an impurity load of absorbing carbon of 0.1 ppmw was chosen, which causes a similar spectral behaviour of the albedo as changes in snow thickness. As shown by , snow overlaying sea ice was the predominant surface type over closed sea ice during ACLOUD. Nevertheless, the potential variability in the spectral surface albedo with respect to absorption in the short wavelength ranges during the campaign is only ). To apply the albedo parameterization by Gardner and Sharp (2010) the cloud optical thickness or LWP is required. As the cloud properties change on small horizontal scales, a retrieval of LWP based on the airborne measurements of cloud transmissivity was used, which is described in the 
Application to the observations
The dependence of the surface albedo on the cloud LWP is shown in Fig. 9 as measured over homogeneous sea ice (I f > 98 %) on 14 June 2017. Additionally, the albedo parameterization by Gardner and Sharp (2010) for the averaged SZA (63.7
and different values of SSA is shown. During 1.7 hours of low-level flights below clouds, a large area was mapped (80.7-81.8
• N,9.8-12.7
• E) and a strong variability in optical thickness including occasional openings with direct illumination of the 5 surface and optical thick multilayer clouds was covered. The surface temperatures were close to zero, indicating the beginning melting season . The observed albedo values averaged for 6 g m −2
bins (dashed red in Fig. 9 ) change from 0.7 for low values of LWP to 0.83 for a LWP larger than 100 g m −2
. While the overall trend of increasing albedo with increasing LWP is represented, the slope follows the parameterization for a SSA between 3 m A comparison of measured (overcast) α cld and extrapolated cloud-free albedo α cf is shown in Fig. 10a . The frequency distributions are calculated for all low-level flights during ACLOUD over homogeneous sea ice (I f > 98 %). The broad distribution Fig. 10a shows only measurements conducted over homogeneous sea ice, which was frequently observed during ACLOUD.
In the MIZ, though, the heterogeneous sea ice and the corresponding reduced surface albedo prevents an application of the original parametrization by Gardner and Sharp (2010) . However, making use of the cosine weighted sea ice fraction I f and its linear relation to the albedo, changes due to the surface albedo-cloud interaction can be scaled to the prevailing I f by assuming diffuse radiative transfer (Lambertian albedo),
with α w = 0.07 (average open ocean albedo during ACLOUD). Below an I f of 10 % no correction have been applied because the cloud effect on the surface albedo can be neglected.
Correction of CRF
To illustrate the effect of surface albedo-cloud interactions on the calculation of the CRF during the ACLOUD campaign, the
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CRF was computed using both measured cloudy albedo (α cld ) and the estimated cloud-free albedo (α cf ). and a SZA of 59
• . In combination with the distribution of the terrestrial CRF (blue histogram in Fig.   10b ), which averages to 69 W m −2 in cloudy conditions, the total (solar plus terrestrial) CRF estimate (Fig. 10c) shifts from a significant warming effect of 37 W m warming to cooling effect of clouds could already start early in the season, before the formation of melt ponds and the rapid drop in surface albedo, which underlines the potential impact of surface albedo-cloud interactions.
Conclusions
To estimate the instantaneous warming or cooling effect of clouds on the surface REB from observations or models, a precise knowledge of the cloud-free state is indispensable.
5
Especially in the transition region between open ocean and closed sea ice (the MIZ) the thermodynamic state of the atmosphere changes on horizontal scales of a few kilometers, which significantly influences the simulated cloud-free radiative field. To obtain reliable information of CRF related to airmass transformations like warm air intrusions or cold air outbreaks in the Arctic (Tjernström et al., 2015; Pithan et al., 2018) , high temporal and spatial resolution is required to obtain reliable values of local CRF induced by these large scale processes.
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Variability in sea ice concentration is closely linked with fluctuations in the local surface albedo. The derivation of cloud-free downward irradiance in these condition requires an estimate of the effective areal average surface albedo, determining the multiple scattering on large scales. Moving average filters with shapes appropriate of reproducing 3D radiative transfer need to be applied to obtain a reliable local solar CRF.
The transition between cloudy and cloudy-free atmospheric states is accompanied by changes in the radiative transfer, affect-
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ing the surface albedo, and thus, the CRF. Combining spectral snow surface albedo models with atmospheric radiative transfer models enables to quantify the impact of two processes related to spectral surface albedo-cloud interactions. The weighting effect of downward irradiance appears to be dominant for snow surfaces and enhances the cooling effect of clouds on the surface. For the second process, a change between direct dominated radiation in the cloud-free state and diffuse radiation in the cloudy state, the sign of the modification depends on SZA, cloud optical thickness and the melting state of sea ice. ). The campaign averaged total CRF was thereby shifted from a mainly warming effect of clouds over sea ice to an on average almost neutral effect, for the ACLOUD observations with low SZA. Hence, the observed albedo 5 trend during the campaign (Fig. 8) with an appropriate instrumentation and radiative transfer modelling will be required to quantify these effects and its potential seasonal dependence.
Besides observation, also global climate models and their estimate of the cloud radiative feedback are based on the impact of clouds on the surface REB, for which the surface albedo is fundamental. For specific surface types often fixed values of broadband surface albedo are assigned and modulated by temperature dependences. However, these simplified parameteriza- Considering the surface albedo-cloud interaction in global climate models and upcoming long-term observations such as MO-SAIC will further improve our understanding of CRF and cloud radiative feedback in the Arctic environment and its role for
25
Arctic amplification.
Data availability. The pyranometer and pyrgeometer broadband irradiance and KT-19 nadir brightness temperature from AWI aircraft Polar 5&6 during the May to June 2017 ACLOUD campaign are published on the PANGAEA database . Air temperature, relative humidity and pressure in situ profiles from both aircraft are used from (Hartmann et al., 2019) . Polar 5 Dropsondes: (Ehrlich et al., 2019a) . Calibrated fisheye camera images: . Radiosoundings from Polarstern (Schmithüsen, 2017) ↓ s,cld and the simulated cloud-free F ↓ s,cf downward irradiance:
T can be converted into cloud optical thickness or LWP, however, it is important to account for the surface albedo dependences due to multiple scattering. The T for a cloud with the same microphysical properties over snow and ice is higher compared to 5 over open ocean, where the majority of photons will be absorbed by the surface and are not available for new back-scattering events of the upward irradiance in the cloud towards the surface. Taking this dependence into account, the broadband T was used to derive the cloud optical thickness similar to the approach by Leontyeva and Stamnes (1993) .
Lookup tables of T for a range of surface albedo between 0 and 1 and LWP between 0 and 320 g m −2
were simulated for the local solar zenith angle and compared to the values derived from the observations along the flight track. In the simulations,
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vertically homogeneous pure liquid water clouds are assumed to limit the complexity of the simulations. Therefore, in the following the LWP is referred to an equivalent LWP, because no ice water content was assumed. The cloud was located between 400 m and 600 m with a fixed r eff of 8 µm, typical for Arctic clouds in this season and region (Mioche et al., 2017) .
These rather crude assumptions result in uncertainties of the simulated irradiance, which were quantified by Leontyeva and Stamnes (1993) as a function of surface albedo, SZA, r eff and cloud optical thickness.
15
Similar to the simulations of F ↓ s,cf for heterogeneous surface albedo fields, an effective albedo, which influences the local scattering processes in cloudy conditions needs to be considered in the retrieval simulations of T (Pirazzini and Raisanen, 2008) .
The diversity of potential 3D effects induced by surface and cloud heterogeneities in the MIZ omit a specific solution for the smoothing problem of the areal averaged effective albedo and can only partially be depicted by radiative transfer modelling. To 20 make the retrieval applicable to ACLOUD measurements and reduce the uncertainties induced by horizontal photon transport, a commonly observed cloud/surface scene, with a cloud base height of 200 m and leads with different sizes, has been simulated using 3D radiative transfer (not shown here). The estimated kernel is based on a Cauchy distribution and has a considerably smaller horizontal extent compared to the cloud-free kernel introduced in Fig. 3b , due to the the low cloud base height. Applied to the theoretical observed albedo the simulated irradiance adequately reproduces the results obtained from the 3D output, and 25 thus, reduces for these cloud/surface scenes the uncertainties of the retrieved LWP considerably.
Nevertheless, multiple scattering, changes in cloud base height (Pirazzini and Raisanen, 2008) and 3D radiative effects due to inhomogeneous cloud/surface scenes, might induce large uncertainties in this retrieval. However, the observed I f statistics indicate, that the majority of ACLOUD flights were conducted over a rather homogeneous surface, where the discussed issue is minor important. The sensitivity of the retrieval is in general higher over open water compared to over ice, since changes in 
with the density of liquid water w and the simulated r eff .
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